Metal-based films with tunable electrical conductivity have played an important role in developing new types of electric devices for future application. In this work, a sputtering method was used to obtain Au films on silicon substrate in a hypobaric atmosphere. Scanning electron microscope (SEM) shows that the interspaces between the Au nanoparticles were highly uniform and orderly distributed, with the width of several nanometers at the surface. By measuring the I-V curves of the films with thickness less than 20 nm, the nonlinear behaviors of electrical resistivity became gradually obvious as the decrease of the film thickness. For example, upon the thickness reducing to 10 nm, remarkable discontinuous step phenomenon appeared. Moreover, a computational simulation was carried on the electrical conductivity of films under normal temperature based on the Coulomb blockade theory and scattering theory, in which the electric current was in the range from 0 to 1.5 × 10 −5 A. The computational results were consistent well with the experimental observations, which confirm that the nonlinear and step phenomenon can be assigned to the Coulomb blockade effect when electrons transfer occurs in the interspaces between the nanoparticles.
Introduction
In recent years, due to the rapid development of electric and electronic devices, extensive study has been focused on the interface behaviors of metal-metal and metal-semiconductor. Under low-temperature condition (such as 77 K), it was found that there was Coulomb blockade phenomenon in nanocrystalline metal with island structures [1, 2] . When the thickness of metal film was at the nanometer scale, the structures became discontinuous [3] , which were composed of isolated nanoparticles; while the thickness of film was close to De Broglie wavelength, the energy level became in discrete state, and the motion of electrons was perpendicular to the surface of films, which presented quantum size effect [4, 5] . In the latter case, the resistivity of film was very large, and the temperature coefficient of resistance (TCR) usually became a minus value, which presented Ohms feature at low electric field but presented non-Ohms feature [6, 7] at high electric field. A large number of experimental reports show the jumping transmission of current carriers in interspace. That is, if the particle size in the nanoscaled film is small enough, electron transfer will be restrained, and the resistivity of films will show a jump with the increasing of voltage. However, up to date, there was no report about the Coulomb blockade phenomenon at room temperature, which has restricted such effect into the practical applications. Coulomb blockade phenomenon and macroscopic quantum tunneling phenomenon will play a significant role in the research and production of single electron device [8, 9] , which will improve the degree of integration of integrated circuit. In this work, the nonlinear electrical conductivity of the nanostructured Au films was studied at room temperature. We further performed theoretical calculation, which agreed well with experimental results. By the combination of experimental and computational study on the discontinuous electrical conductivity of films, this work may pave an alternative way of metal films for further device application. 
Preparation for Au Nanometer Films.
The electrolytic cell anode corrosion device was used to corrode the silicon wafer (4 cm × 0.8 cm). The total volume of solution was 200 ml, containing HF solution and anhydrous ethanol solution, and the mixing proportion (bulk factor) was 1.8 : 1. The corrosion current was 45 mA, and the corrosion time was 45 minutes. Corroded silicon wafer was put into LPCVD to achieve the growth of SiO 2 films with pressure of 760 torr, temperature of 650 ∘ C, and the oxidation time of 30 minutes in 99.99% pure oxygen environment. Finally, low vacuum DC sputtering method was employed to grow Au nanometer films under 5 × 10 −2 Pa. Multiple measurements were performed to confirm the results.
Results and Discussion

Volt-Ampere Characteristics of Au Films with Different
Thickness. Figure 1(a) shows the typical I-V curve of Au film with the thickness of 20 nm, in which the slope of the I-V curve shows gradual change characteristic, and the threshold voltage is located at 1.8 V, which presents the I-V behaviors of typical semiconductors. Figure 1(b) shows the I-V curve of Au film with the thickness of 13 nm, and there are several peaks of the current in the range from 6 to 9.1 V. Therefore, the I-V curve of Au nanometer films presents discrete electrical conductivity. Figure 1(c) is the I-V curve of Au film with the thickness of 9 nm, and it is found that the curve possesses steps structure, and the threshold voltage is 7.5 V. There is no step until the voltage increases to 7.5 V, and there is only one peak at the voltage of 4 V. Figure 1(d) is the I-V curve of Au thin film with the thickness of 4 nm. There is a jump when the voltage is 0.5 V, and the steps appear in succession with the increasing of voltage. These results also show that the current values (I) of the films are in the range of the order of magnitude of microampere. Figure 2 shows the FE-SEM micrographs of Au nanometer films with the thickness of 13, 9, and 4 nm, from which it can be observed that the as-prepared two-dimensional metal thin film is highly uniform, which is composed of discontinuous metal particle clusters. There are interspaces whose separation distance is in the range from 1 to 5 nm between the particles on the surface of the samples, and such an interspace may give rise to the discontinuous current change upon the increasing voltage. Figure 2 , it is supposed that there are metal island capacitors at the surface of film (shown in Figure 3) . In a single model, S, I, and D stand for the source, quantum island, and drain electrode, respectively. The applied voltage between S and D is , and electrons will transfer in metal island capacitor. If the quantum island can accommodate electronics and in the existing −1, when the electrons can be completed metalquantum island-metal tunnel, must meet the following conditions according to the theory of Coulomb blockade [10] [11] [12] [13] ≥ min ( ( − 1/2) ; ( − 1/2) ) .
Surface Morphology of Au Nanometer Films.
Theoretical Calculation of the Electrical Conductivity of Films. According to FE-SEM micrographs of films in
In Formula (1), represents the electric quantity of a single electron, and and are the capacitances of source electrode and drain electrode, respectively.
The radius of metal island is , the width between metal island and electrode is l, the thickness of films is , the applied voltage on the both ends of each unit is , and the transverse and longitudinal number of two-dimensional films are and , respectively. Based on the scattering theory, the electric current between any two metal islands on the surface of films is [14, 15] , which can be estimated as follows:
In Formula (2), is the number of scattered particles during unit time and in unit scattering angle Ω in a certain direction Ω, and is the electric quantity of a single electron, and V is the speed of electronic transmission. (Ω) is the scattering cross-section in Ω direction.
According to matrix theory,
in which is the scattering cross-section from source electrode to drain electrode, and ℏ is Planck constant; Journal of Nanomaterials ( ) is the density of electronic state of Fermi level. After dragging Formula (3) in Formula (2), we can get the following formulas:
where
), and in the formulas, is Boltzman constant, and the first part on the right of the equal sign of Formula (5) indicates that electrons are scattered from source electrode to quantum island, and the second part suggests that electrons are scattered from quantum island to drain electrode. Using WKB method, we can further get the following formula:
where is the effective mass of transmission electron and 0 is effective barrier height among source electrode-quantumdrain electrode. In an ideal condition, C S is equal to , so we can obtain that the energy level separation between source electrode and quantum island is equal to the energy level separation between quantum island and drain electrode:
where = 2 /2 , and in the formula, is the energy of an electron which transfers from source electrode to drain electrode and goes through quantum island, and is the total capacitance of metallic capacitor. So we can further get the following formula:
If we supposed the applied total voltage at the surface of film was ,
in which 0 is the average width of interspace. It can be known that is less than 5 nm from FE-SEM micrographs. So we would obtain the relationship between electric current and voltage under a bias voltage. We dragged the specific parameters in the formula to carry on a calculation, and the calculation results were compared with the experimental results as shown in Figures 4(a) and 4(b).
Discussion and Analysis about the Electrical Conductivity of Films. By comparing Figures 1(a)-1(d)
, it is clear that, at room temperature, electrical conductivity transfers into nonlinearity from linearity and became step phenomenon with the gradual decrease of films' thickness with the range of current of 0 to 1.5 × 10 −5 A. In the experiment, nonlinearity phenomenon can be observed only when the thickness of films dropped to below 20 nm, and step phenomenon can be observed below 10 nm. Under the temperature of 0.9 K, the systematic capacitance would be less than 10 −15 F order of magnitude, and the charging energy ( = 2 /2 ) of a single electron would exceed the energy ( = 77.625 eV) of electron's thermal motion, which showed that thermal motion was covered up in low atmospheric pressure. In this way, the phenomenon of electron tunneling can be observed. At room temperature ( = 300 K), = 25.875 MeV, only if the charging energy of a single electron had exceeded this energy, we could observe electron tunneling phenomenon. In this case, the capacitance needed to meet the condition ( ≤ 3.1 × 10 −18 F), and the total capacitance reduced to 1/300 of the one in low temperature. So, we would observe the phenomenon at 0.9 K, only when the craft size of capacitor was less than 1 micron. And we did the experiment at room temperature which meant that we could only reduce the size of the capacitor in order to observe electron tunneling phenomenon. So we needed to reduce the thickness of conductive films, and only when the thickness of films was controlled less than 20 nanometers, we could observe the electron tunneling phenomenon. From FE-SEM micrographs, it could be known that the films were discontinuous, and the particle size was uniform distribution. When electrons transferred at the surface of films, electrons would be scattered in interspace, and there would be Coulomb blockade effect. Figure 4 (a) was in comparison with Figure 4 (b), and we could find that when the thickness was below 10 nm, the experimental results were close to the calculation ones. Coulomb blockade effect caused by the contact-potential barrier in interspace can be the origin of the nonlinearity and step phenomena of the electrical conductivity of film conductor.
Conclusion
At room temperature, when the thickness of Au films with discontinuous surface structure was below 20 nanometers, nonlinearity of resistivity can be observed. When the thickness was below 10 nanometers, step phenomena can be obviously observed. The working current was in the range from 0 to 1.5 × 10 −5 A. The computational electrical conductivity of films based on the Coulomb blockade theory and scattering theory was consistent well with experimental result. The results showed that the nonlinear electrical conductivity of films conductor was caused by Coulomb blockade effect when electrons transferred in interspaces.
